Perovskite-type LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) mixed oxides were prepared by the decomposition of amorphous citric and ethylenediaminetetraacetic acid complexes and investigated by the XRD, FTIR, BET, TPR, TPD and XPS methods. Their catalytic behavior in the total oxidation of hexane was examined. The following activity order was found LaSrCoO 4 > LaSrNiO 4 > LaSrCuO 4 > LaSrFeO 4 > LaSrMnO 4 . This is explained in terms of oxygen vacancies and mobile lattice oxygen, particle size and BET surface area.
INTRODUCTION
Volatile organic compounds (VOCs) are considered as large contributors to atmospheric pollution and to be dangerous for human health. 1, 2 VOCs are produced by both mobile and stationary sources and are present in solvents, industrial manufacturing and fuel combustion. The removal of VOCs is one of the key research topics in the protection of the environment. Catalysts based on noble metals (such as Pt, Pd) supported on alumina or silica or other oxides have been studied and developed for the removal of VOCs. [3] [4] [5] However, because of the high cost of noble metals, considerable effort has been made in the search for effective but cheaper catalysts.
Perovskite-type A 2 BO 4 mixed oxides of the K 2 NiF 4 structure, consisting of alternating layers of ABO 3 perovskite and AO rock salt, were recently studied as new materials because of their low cost, high catalytic activity and high thermal stability. 6 In A 2 BO 4 mixed oxides, the B-site cation is surrounded octahedrally by oxygen and the A-site cation is located in the cavity between these octahedra. This structure type forms solid solutions with many cations, which enables the physical-chemical properties to be altered over a wide range. The replacement of A-and/or B-site cations by other metal cations often results in the formation of crystal microstrain.
Oxides having a perovskite-type structure are important materials for a variety of electrical and catalytic applications. Many studies have shown that the catalytic performance of A 2 BO 4 mixed oxides, to a great extent, is associated with the A-site and B-site ions and their corresponding valences, as well as the crystal microstrain of these oxides. 7 Investigations of CO and C 3 H 8 oxidation over LaSrCoO 4 catalysts have been reported. [8] [9] [10] [11] Additionally, the catalytic performance of LaSrBO 4 in the reductive decomposition of NO and NO + CO reaction has also been studied. [12] [13] [14] [15] For lanthanum based perovskite-type A 2 BO 4 mixed oxides, there is a synergistic effect on partial substitution of lanthanum with divalent ions, in particular Sr 2+ , due to the presence of two types of B cations, which causes an increase in their average oxidation state, resulting in better catalytic performance. However, the influence of different metals at the B-site on the catalytic properties of such mixed oxides has been less studied. Since the B-site ion is the framework ion, which largely affects the catalytic activity of a catalyst, a study of the relationship between structure and performance of LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) was considered to be very significant in order to choose better catalytic materials.
As the oxidation reactivity of VOCs is in the following order: alcohols > aldehydes > aromatics > ketones > alkenes > alkanes, 16, 17 an alkane compound represents a good test for the activity of a certain class of catalysts. It was also considered of interest to correlate the activity values of hexane oxidation with that of C 3 H 8 reactions already studied on LnSrCoO 4 catalysts.
In this paper, lanthanum based mixed oxides LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) were prepared and characterized. With the total oxidation of hexane as the test reaction, the catalytic performances of all these catalysts were investigated. To reveal factors controlling the performance of the catalysts, the XRD, FTIR, BET, XPS, TPD and TPR techniques were employed.
EXPERIMENTAL

Preparation of the catalysts
A series of LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) mixed oxides were prepared by the decomposition of amorphous citric and ethylenediaminetetraacetic acid (EDTA) complexes. In the synthesis, lanthanum nitrate, strontium nitrate, manganese nitrate, iron nitrate, cobalt nitrate, nickel nitrate, copper nitrate, EDTA and citric acid (all of AR grade purity) were used. A transparent solution of citric acid, EDTA and aqueous NH 3 was prepared and then added to a solution of the appropriate concentrations of nitrates of La, Sr, Mn (or Fe, Co, Ni, Cu, respectively), whereby the amorphous metallic complexes were formed. If the ratio of citric acid: EDTA: total metal ions was kept at 1.5 : 1.0 : 1.0 and the pH value between 6.5-9.5, deposition sometimes occurred after mixing, but it would disappear immediately. On evaporation of the water at 80°C, a dark gel formed. The obtained precursor was then calcined at 600°C for 4 h, pelletized and finally calcined at 900°C for 10 h. All samples were sieved to the fraction of ca. 0.250-0.177 mm.
Characterisation techniques
Phase analysis was performed using an X-ray diffractometer (D8/ADVANCE, Germany), with the operation conditions: 40 kV/10 mA, Cu K a radiation and a nickel filter. The step scans were taken over the range of 2 q angles from 20 to 80°. For the evaluations of the average crystal size and lattice microstrain of LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu), the Scherrer equation: L = 0.9 l/b cosq and the equation b 2 cos 2 q = 4(l/L) 2 /p 2 +32(e 2 )sin 2 q were used, 18 where L is the average crystal size, l, the wavelength of the X-ray used (0.154 nm), b, the effective line width of the X-ray reflection, q, the Bragg angle, and (e 2 ) 1/2 , the microstrain density.
The FTIR analysis was performed using a Perkin-Elmer 683 spectrophotometer with KBr pressed pellets in the wave-number range of 1000-400 cm -1 .
The XPS analysis was carried out on a PHI 5000C ESCA X-ray photoelectron spectrometer using a Al K a radiation source (hv = 1486.6 eV). The calcined samples were pressed into small stainless-steel cylinders and outgassed at 10 -5 Pa for 1 h before they were placed in the analysis chamber. The residual pressure in the ion-pumped analysis chamber was maintained at a vacuum below 1.3x10 -7 Pa during data acquisition. Pretreatments in hydrogen were carried out at 400°C. The energy regions of the photoelectrons were scanned at a pass energy of 20 eV. Each spectral region was scanned for a number of times to obtain good signal to noise ratios. Peak intensities were estimated by calculating the integral of each peak after subtraction of the S-shaped background and fitting to a curve of mixed Lorenztian and Gaussian lines of variable proportion. Although surface charging was observed for all the samples, accurate binding energies (BE) (±0.2 eV) could be determined by charge reference to the C 1s peak at 284.6 eV.
The specific surface area (SSA) was calculated by the BET method from nitrogen adsorption isotherms, recorded at liquid nitrogen temperature on a Micromeritics apparatus model ST-2000, taking a value of 0.16 nm 2 for the cross-sectional area of the N 2 molecule adsorbed at -196°C. Prior to the adsorption measurements, the samples were outgassed at 130°C.
Temperature programmed desorption (TPD) of the catalysts were conducted on an automatic Micromeritics 3000 apparatus interfaced to a data station. Under O 2 gas flow, the catalyst samples (300 mg) were heated from ambient temperature to 950°C at a rate of 8°C/min and maintaining this temperature for 1 h. When the system was cooled down to ambient temperature, He (carrier gas) was used to remove the O 2 in the gas-phase. Subsequently, with a ramp rate of 8°C/ min, the curves of O 2 -adsorbed desorption were recorded by TCD.
Temperature programmed reduction (TPR) of the catalysts were conducted using the same apparatus with TPD. Since water is produced during reduction, the gases runnning out of the reactor were passed through a cold trap before entering the TCD. The samples (100 mg) were first heated to 950°C at a rate of 20°C/min in a flow of N 2 (99.9 %) gas and then cooled to ambient temperature. After being 10 % H 2 /N 2 -purged for 1 h, with a ramp rate of 20°C/min, the curves of H 2 -reduction were recorded by TCD.
Activity measurement of catalysts
The catalytic activity tests (0.250-0.177 mm, 250 mg catalyst) were performed at atmospheric pressure in an automatic Micromeritics flow reactor. Prior to the catalytic tests, the catalysts were treated in an air stream at 450°C followed by purging in a He stream. For hexane combustion, a flow of hexane (1 %) in N 2 was mixed with oxygen (10 %) in N 2 (ratio oxygen: hexane = 19.5 : 1 and total GHSV 12000 h -1 ). The oxidation of hexane was investigated in the temperature range 150-350°C. The gas composition was analyzed before and after the reactor by an in-line gas chromatography with TCD connected to a computer integrator system using a porapak Q column for C 6 H 14 and CO 2 .
The ambient temperatures for columns and TCD were 50 and 75°C, respectively. The conversion was considered to be a measure of the catalytic activity.
RESULTS AND DISCUSSION
Solid characteristics of catalysts
The crystal structure of the LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) catalysts after calcination at 900°C was revealed by XRD. The XRD patterns of the solid solution are shown in Fig. 1 . The results of phase analysis clearly show that all patterns correspond mainly to the K 2 NiF 4 structure. Moreover, their structures changed with changing M. As is well-known, A 2 BO 4 mixed oxides with a K 2 NiF 4 structure can be classified into two forms, i.e., F/mmm orthorhombic-phase and I4/mmm tetragonal-phase. Also, the I4/mmm tetragonal-phase can be classified further into three phases (T, T * , T'). 19 The B ions are coordinated with six, five and four oxygen atoms (BO 6 , BO 5 and BO 4 ) in the T, T * and T' phases, respectively. The T * and T' phases result from abundant oxygen vacancies; more oxygen vacancies is favorable for catalytic activity. LaSrMnO 4 and LaSrFeO 4 mixed oxides have a mixed orthorhombic and tetragonal K 2 NiF 4 structure. LaSrMO 4 (M = Co, Ni, Cu) mixed oxides have a translated tetragonal K 2 NiF 4 structure and the amount of T * phase in LaSrCoO 4 is greater than in the other four mixed oxides.
The The microstrain density affects the mobility of oxygen, a higher oxygen mobility is beneficial to the process of oxidation. 21 The specific surface area values were 6.5, 6.9, 7.8, 7.3 and 7.1 m 2 g -1 for LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) catalysts, respectively. The skeletal FTIR spectra of LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) mixed oxides in the region 1000 -400 cm -1 are presented in Fig. 2 . The most intense bands at 680-650 and ca. 500-440 cm -1 in all the spectra are characteristic of the K 2 NiF 4 structure of the support. 22 The FTIR spectra of this series of mixed oxides show weak absorption at 640-580 cm -1 , which indicates that the LaSrMO 4 structure becomes microstrained and the microstrain of the coordination polyhedra depends on M. A low microstrain density does not change the original structure.
TPD study
The main features of the TPD experiments are shown in Fig. 3 . The TPD profiles reveal a large oxygen peak (b) at a high temperature (ca. 880°C) on LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) (corresponding to a desorption of 7.6´10 -6 mol O 2 m -2 for LaSrCoO 4 ) and a lower desorption for the other four catalysts. At lower temperatures, a broadened peak (a) (corresponding to 3.2´10 -7 mol O 2 m -2 for LaSrCoO 4 ) centred at ca. 200°C and a shoulder (a') at ca. 320°C are observed. The TPD spectra demonstrate that, at low temperatures, the peaks a and a' may be the result of the desorption of chemically adsorbed oxygen of the mixed oxides. The desorption peak b, detected at higher temperatures, should be assigned to tigthly bound oxygen species, that is to lattice oxygen the evolution of which corresponds to the reduction of the transition metal. Moreover, the adsorbed oxygen , and the desorption temperature of the lattice oxygen is higher than that of chemisorbed oxygen. 23 The areas of the a' and b peaks areas of LaSrCoO 4 are larger than those of the other mixed oxides, implying that there are more oxygen vacancies and mobile lattice oxygen in this catalyst.
TPR study
The TPR profiles of the sample provide useful information about the reducibility of the M n+ species in these LaSrMO 4 mixed oxides, since the A-site La 3+ and Sr 2+ are both nonreducible under the condition of H 2 -TPR. The TPR profiles of LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) are shown in Fig. 4 . There are three H 2 -consumption peaks (280-360, 360-480, and ca. 800°C) for all the mixed oxides, suggesting the occurrence of a multiple-step reduction. The peak intensities given in Table I , indicate that element at the B-site has a marked influence on the peak area. The first two are due to the reduction of over-stoichiometric and adsorbed oxygen, as well as to reduction of M 3+ to M 2+ , whereby the samples still preserved, on the whole, the K 2 NiF 4 -type structure. The high temperature peak could be ascribed to the reduction of M 2+ to M 0 , which leads to the breakdown of the K 2 NiF 4 -type structure and formation of discrete phases, La 2 O 3 , LaO(OH), La(OH) 3 more oxygen deficient. The H 2 consumption of the higher temperature peak varies from 1.304 to 1.338 mol H 2 mol -1 M, which indicates that the content of M (M 3+ and M 2+ ) in these mixed oxides changed little.
XPS study
The binding energy (BE) of O 1s in the LaSrMO 4 mixed oxides were obtained from XPS investigations. As shown in Fig. 5 , the results of O 1s spectra clearly show that there are two main peaks at ca. 529.1 and 531.5 eV, which could be assigned to lattice oxygen and adsorbed oxygen, such as Oor OH -. 24 The intensity of the O 1s signal at ca. 529.1 eV increased with decreasing ionic radii of the involved cations, whereas that at ca. 531.5 eV decreased, which implies that with increasing ionic radii, the amount of adsorbed oxygen increased as more oxygen vacancies were created. However, for LaSrCoO 4 mixed oxide, the peaks at ca. 529.1 eV and 531.5 eV were bigger than those of the other mixed oxides. On the other hand, the peak at ca. 531.5 eV is broader than that at ca. 529.1 eV, suggesting that the former contains at least two components (adsorbed oxygen and hydroxyl groups).
Catalytic activity of LaSrMO 4 catalysts
All the samples were tested in the catalytic combustion of hexane. The products are CO 2 and H 2 O. Since both Sr 2+ and La 3+ ions tend to be carbonated, the samples exposed to the ambient for long periods can display variable amounts of carbonate groups. Prior to the catalytic run, a cleaning procedure of the samples was applied as described in the experimental section, in order to avoid the interference of this surface contamination on the catalyst performance. The activity profiles as a function of the reaction temperature for all the catalysts are shown in Fig.  6 . The order to the catalytic activity is LaSrCoO 4 > LaSrNiO 4 > LaSrCuO 4 > LaSrFeO 4 > LaSrMnO 4 . This result could be interpreted in terms of oxygen vacancies, mobile lattice oxygen, and the surface area of the LaSrMO 4 mixed oxides. Based on the TPD and XPS results, it can be seen that more oxygen chemically adsorbed on oxygen vacancies and more mobile lattice oxygen are favorable for the oxidation of hexane. In addition, a bigger BET surface area is also advantageous for the reaction. In the attempt to gain a deeper insight of the reaction mechanism, it appeared interesting to examine the dependence of the reaction progress as a function of the temperature. As already indicated, propane combustion runs are performed in order to compare the capability of the examined catalysts to activate the C-H bond of different hydrocarbons. Hexane, the C-H bond cleavage of which requires less energy than that of propane, could follow a less energetic mechanism on the active sites, where mobile oxygen species are involved. Owing to the fact that the oxygen vacancies play an important role in the catalytic oxidation reaction, these oxygen vacancies, on the one hand, aid the continuous transformation of chemisorbed oxygen to lattice oxygen, thereby supplementing the consumption of lattice oxygen, while on the other hand increase the mobility of the lattice oxygen, and produce more lattice oxygen. For the LaSrCoO 4 mixed oxide, the 100 % conversion temperature are 340 and 360°C for the hexane and propane reactions, respectively. Therefore, activation of the C-H bond (E C-H = 380 and 411 kJ mol -1 for hexane and propane, respectively) was found to be responsible for the hexane reactivity. Since the BET area varies from sample to sample, the activity was normalised to the BET area. Table II shows the strong influence of the temperature and element at the B-site on the instrinsic activity. CONCLUSIONS Perovskite-type LaSrMO 4 (M = Mn, Fe, Co, Ni, Cu) mixed oxides were prepared by the decomposition of amorphous citric and ethylenediaminetetraacetic acid complexes. The activity order for the oxidation of hexane was: LaSrCoO 4 > LaSrNiO 4 > LaSrCuO 4 > LaSrFeO 4 > LaSrMnO 4 . This is explained in terms of their structure: oxygen vacancies, mobile lattice oxygen, particle size and BET surface area.
